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Introduction {#sec001}
============

Understanding the factors that facilitate coexistence among species is one of the most important issues in ecology \[[@pone.0227111.ref001],[@pone.0227111.ref002]\]. According to the principle of competitive exclusion, the number of sympatric species competing for a common set of limited resources cannot surpass the amount of resources or prey species \[[@pone.0227111.ref003]--[@pone.0227111.ref007]\]. However, in nature, diverse competing species coexist \[[@pone.0227111.ref008]\]. Earlier theoretical studies proposed different mechanisms of coexistence \[[@pone.0227111.ref009]\]. Most of the proposed mechanisms are external factors of the system, such as selective predation by a shared top predator, temporal variability, or spatial heterogeneity \[[@pone.0227111.ref010]--[@pone.0227111.ref012]\]. Nevertheless, few mechanisms do not rely on external factors (e.g., internal non-equilibrium dynamics) \[[@pone.0227111.ref013]\] to explain coexistence. For example, some studies have shown that non-equilibrium dynamics in population densities alone are able to promote the coexistence of two consumers on a single resource based on relative non-linearity in the functional responses of two consumers \[[@pone.0227111.ref014],[@pone.0227111.ref015]\]. Here, I propose an additional general internal factor, intraspecific diversity in prey, which facilitates adaptive evolution in prey.

Recent studies have started to explore the roles of intraspecific diversity or variation \[[@pone.0227111.ref016]--[@pone.0227111.ref021]\], which had been ignored in classical ecological dynamic models despite conspecific individuals varying in numerous traits, such as morphology, behavior, or physiology. Because the differences in such traits translate into differences in ecological features, such as anti-predator defenses \[[@pone.0227111.ref022]\] and resource utilization \[[@pone.0227111.ref023],[@pone.0227111.ref024]\], they influence reproduction and/or survival (i.e., fitness). In addition, because most traits exhibit heritable variations at least to some extent \[[@pone.0227111.ref025],[@pone.0227111.ref026]\], adaptive evolution in response to ecological interactions could occur \[[@pone.0227111.ref027]\]. Therefore, intraspecific variation could affect the classical ecological models via trait variation and changes in mean trait values in populations \[[@pone.0227111.ref023]\].

The evolution of interaction traits under the influence of interactions between or among species could occur on time scales similar to those of ecological population dynamics \[[@pone.0227111.ref028]--[@pone.0227111.ref033]\]. If evolution is rapid enough to influence population dynamics, feedback between ecological and evolutionary processes could considerably alter the population dynamics expected on the basis of the ecological population dynamics theory \[[@pone.0227111.ref034]--[@pone.0227111.ref039]\]. Such eco-evolutionary dynamics frameworks usually assume homogeneous populations at each time step, while overlooking the effects of intraspecific variation.

Recent studies have demonstrated that trait adaptation via intraspecific variation can promote multiple predator coexistence \[[@pone.0227111.ref040],[@pone.0227111.ref041]\]. However, these studies usually track the continuous trait distribution, and rarely track the dynamics of individual phenotypes, and overlook the effects of individual responses of discrete phenotypes, such as polyphenism, in response to selection pressure.

Here, I have developed a population dynamics model in which multiple predators compete for a single prey with intraspecific variation. The prey comprises multiple genotypes with different predation rates for each predator and/or growth rate. Evolution is driven by a replicator equation, which is a general model describing natural selection \[[@pone.0227111.ref042],[@pone.0227111.ref043]\]. In the ecological model, predators cannot exist without the evolution of the prey. Therefore, by controlling the genotype number in the prey (*N*~*G*~), evolution could occur. In the basal model, I assumed clonal prey populations or perfect inheritance of phenotypes. Although it is the simplest model of the evolution of discrete prey genotypes, the model makes it difficult to distinguish models of a single prey species and multiple prey species. To overcome this point, I also considered mutation between genotypes, which is a key to characterize within and among species. Using this eco-evolutionary dynamics model, I have demonstrated that evolution of a prey facilitates the coexistence of multiple competing predators, which suggests that intraspecific diversity in a prey sustains predator diversity by driving adaptive evolution.

Methods {#sec002}
=======

Ecological dynamics {#sec003}
-------------------

Consider the following population dynamics model of multiple predator--one prey interaction, in which the population of the prey species involves multiple genotypes: $$\frac{dX}{dt} = \overline{w}X,$$ $$\frac{dY_{i}}{dt} = \left( {g_{i}{\sum\limits_{j \in 1,\ldots,N_{G}}{a_{ij}f_{j}X}} - d_{i}} \right)Y_{i},$$ where *X* and *Y*~*i*~ are prey and predator population sizes, respectively. *a*~*ij*~ is the consumption rate of the predator species *i* for prey genotype *j*, *g*~*i*~ (\< 1) is the conversion efficiency linked to predator *i*'s birth rate based on prey consumption; and *d*~*i*~ is the death rate of the predator *i*. *N*~*G*~ represents the number of genotypes within the prey species, and *f*~*i*~(*i*∈1,..., *N*~*G*~) is the proportion of the genotypes in the population of the prey species (Σ~*i*∈1,...,*NG*~ *f*~*i*~ = 1).

$\overline{w}$ is the mean fitness averaged over genotypes within the population of prey species, represented by $$\overline{w} = {\sum\limits_{i \in 1,\ldots,N_{G}}{f_{i}w_{i}}},$$ where *w*~*i*~ is the fitness of a genotype *i* of the prey species, represented by $$w_{i} = r_{i}\left( {1 - \frac{X}{K}} \right) - {\sum\limits_{j \in predators}{a_{ji}Y_{j},}}$$ where *r*~*i*~ is the intrinsic growth rate in a genotype *i* of the prey species, and *K* is the carrying capacity of the prey.

Evolutionary dynamics {#sec004}
---------------------

I have modeled the dynamics of the proportions of genotypes within the population of the prey species *f*~*i*~ using a replicator equation \[[@pone.0227111.ref042],[@pone.0227111.ref043]\] as follows: $$\frac{df_{i}}{dt} = f_{i}(w_{i} - \overline{w}),$$

The differential Eqs ([1](#pone.0227111.e001){ref-type="disp-formula"}), ([2](#pone.0227111.e002){ref-type="disp-formula"}) and ([5](#pone.0227111.e006){ref-type="disp-formula"}) describe the coupled ecological and evolutionary dynamics.

Results {#sec005}
=======

Consider an ecological community in which two predators compete for a single prey species. When the prey species comprises a homogeneous genotype (*N*~*G*~ = 1), evolution does not occur. In such a classical exploitative competition system with type 1 functional response of predators, the competing predators cannot coexist ([Fig 1A](#pone.0227111.g001){ref-type="fig"}). However, when the prey population is heterogeneous (*N*~*G*~ \> 2), evolution occurs ([Fig 1B](#pone.0227111.g001){ref-type="fig"}), which qualitatively alters the ecological consequences. Evolution, therefore, allows competing predators to coexist. In addition, as the number of genotypes increases, the predators are more likely to coexist ([Fig 1A](#pone.0227111.g001){ref-type="fig"}). However, it is critical to note that at the evolutionary endpoint, the number of coexisting prey genotypes reduces, typically converging into two types ([Fig 1B and 1C](#pone.0227111.g001){ref-type="fig"}).

![Eco-evolutionary dynamics and its consequences on coexistence: (a) Effects of genotype number on community persistence (see below). (b) Typical dynamics between population size and genotype frequency. (c) Surviving genotype number in persisting communities. Community persistence is the probability that all species persist during a sufficiently long period. It was calculated by measuring the frequencies of all co-occurring species (*X*, *Y*~*i*~ \> 10^−5^ for all *i*) after sufficiently long periods (t = 5 × 10^3^ by which time community persistence reaches an asymptote) in 500 runs. In addition, surviving genotype number in persisting communities was calculated and the proportion of different numbers of surviving genotypes was plotted in (c) (2 or 3). In each iterated simulation, initial species abundances, genotype frequencies, and *a*~*ij*~ are randomly chosen from a uniform distribution, U(0, 1). Parameter values are *r*~*i*~ = 2.0, *K =* 2.0, *g*~*i*~ = 0.5, and *d*~*i*~ = 0.1. The parameters *a*~*ij*~ used in (b) are shown in [S1 Text](#pone.0227111.s001){ref-type="supplementary-material"}.](pone.0227111.g001){#pone.0227111.g001}

Here, I analyzed the simplest or most frequently observed system at the evolutionary equilibrium (*N*~*G*~ = 2). A mathematical analysis ([S1 Text](#pone.0227111.s001){ref-type="supplementary-material"}) reveals the condition under which the two predators can coexist (the coexistence equilibrium is feasible). First, each predator prefers different prey genotypes or each prey genotype has a high defensive ability against different predator species (e.g., *a*~11~ \< *a*~12~, *a*~21~ \> *a*~22~), and the offense ability of predators to each prey genotype is a trade-off relationship. More specialized defenses of each genotype against different predators also make the coexistence easier, which suggests that large differences in ecological characteristics of prey genotypes result in larger regions of parameter space where coexistence is possible. In contrast, even when predators prefer same prey genotype (e.g., *a*~11~ \> *a*~12~, *a*~21~ \> *a*~22~), coexistence is also possible if the preferred prey genotype grows faster than the non-preferred prey genotype.

Even if the equilibrium is feasible, the two prey genotypes and two predator species may not stably coexist because the equilibrium may not be stable. The local stability analysis revealed that coexistence is always unstable, and the dynamics demonstrate a stable limit cycle when life-history parameters excluding consumption rate (*a*~*ij*~) are symmetrical or same among predators and among prey genotypes ([Fig 2E](#pone.0227111.g002){ref-type="fig"}, [S1 Fig](#pone.0227111.s003){ref-type="supplementary-material"}, [S1 Text](#pone.0227111.s001){ref-type="supplementary-material"}). Stable coexistence is not possible even if the predators prefer to utilize different prey genotypes. However, once the symmetry assumption is relaxed, coexistence could become stable ([Fig 2](#pone.0227111.g002){ref-type="fig"}, [S2 Fig](#pone.0227111.s004){ref-type="supplementary-material"}). The asymmetries between the growth rates of prey genotypes and/or death rates of predator species facilitate stable coexistence. More specifically, a main prey type for a weak predator (with high death rate) needs to rapidly grow ([Fig 2](#pone.0227111.g002){ref-type="fig"}, [S1 Text](#pone.0227111.s001){ref-type="supplementary-material"}). This result supports the view that the intraspecific variation of various traits in prey plays a key role in facilitating species coexistence.

![Relationship between the consumption rates and local stability of the equilibrium in two predator--one prey with two genotypes system: In orange regions, the non-trivial equilibrium is locally unstable and cycles occur.\
In blue regions, the equilibrium is locally stable and globally stable. In green region, the equilibrium is locally stable but globally unstable (a stable limit cycle occurs). In white regions, coexistence does not occur (*Y*~1~ exists and *Y*~2~ goes extinct). In black region, predators do not persist. Parameter values *r*~*i*~ and *d*~*i*~ are varied in each panel (a--i). Other parameter values are: *K =* 1.0, *g*~*i*~ = 0.5, *a*~21~ = 1.0, and *a*~12~ = 0.1.](pone.0227111.g002){#pone.0227111.g002}

Until now, for the purpose of simplicity, I have considered the coexistence problem of two competing predators, while leaving the question of whether intraspecific variation in prey driven evolution allows more than three multiple predators to coexist unaddressed. In [Fig 3](#pone.0227111.g003){ref-type="fig"}, I illustrate a case where more than three predators (3--5) competing for a single prey species can coexist. In addition, stable coexistence is possible as with two predator--one prey system ([S2 Fig](#pone.0227111.s004){ref-type="supplementary-material"}). In all cases, evolution selects the same number of prey genotypes with coexisting predators, similar to in the case of two predators. However, there is a limit to the number of predators that could be supported by a single prey. More diverse prey genotypes are required for the coexistence of diverse predators ([Fig 1A](#pone.0227111.g001){ref-type="fig"}, [S3 Fig](#pone.0227111.s005){ref-type="supplementary-material"}). More specifically, the diversity at the prey level needs to be at least as large as the one at higher trophic levels.

![Examples of eco-evolutionary dynamics in predator systems with more than two predators: (a) Three predators coexist, (b) Four predators coexist, (c) Five predators coexist. In (a--c), initial genotype numbers are 6, 8, and 10, respectively. Parameters used in each case are shown in [S1 Text](#pone.0227111.s001){ref-type="supplementary-material"}.](pone.0227111.g003){#pone.0227111.g003}

It is clear that the above model is mathematically equivalent to a multiple predator--multiple prey model ([S1 Text](#pone.0227111.s001){ref-type="supplementary-material"}) because of asexual inheritance of genotypes. Here, I relaxed the strong assumption to consider a mutation between genotypes. For simplicity, I focused on the two predator--one prey with two genotypes system. Specifically, I added new terms of mutation into the r.h.s of Eq ([5](#pone.0227111.e006){ref-type="disp-formula"}), *m*(1 − *f*~*i*~) − *mf*~*i*~, where *m* is the mutation rate. When *m* = 0, it is exactly the same with the above basal model without mutation. The analysis shows that mutation has two effects on stability of the system. First, it allows the locally unstable equilibrium to be locally or globally stable. Second, it can reduce the amplitudes of population cycles. The stabilization becomes stronger as mutation rate increases ([Fig 4](#pone.0227111.g004){ref-type="fig"}, [S4](#pone.0227111.s006){ref-type="supplementary-material"} and [S5](#pone.0227111.s007){ref-type="supplementary-material"} Figs). These suggest that the mutation plays a key role in stabilizing predator--prey systems.

![Population dynamics result in relation to the value of the mutation rate *m*.\
(a) *a*~11~ = 0.8, *a*~12~ = 1.0, *a*~21~ = 1.0, and *a*~22~ = 0.1 (other parameters are same as [Fig 2E](#pone.0227111.g002){ref-type="fig"}). (b) *a*~11~ = 1.2, *a*~12~ = 0.5, *a*~21~ = 1.0, and *a*~22~ = 0.1 (other parameters are same as [Fig 2I](#pone.0227111.g002){ref-type="fig"}). Open and closed circles indicate locally unstable and stable equilibrium, respectively. Bars indicate the oscillation ranges of population size *Y*~1~ (the results of *Y*~2~ have same tendency). Note that closed circles with bars are locally stable but globally unstable equilibrium. Equilibrium points are numerically obtained, and ranges of oscillations are obtained after sufficiently long periods (t = 10^7^).](pone.0227111.g004){#pone.0227111.g004}

Discussion {#sec006}
==========

Earlier works have contended that the coexistence of competing species sharing a limited resource is improbable contrary to observations in nature or in the field \[[@pone.0227111.ref008]\]. The present theory demonstrates that intraspecific trait diversity in a prey maintained by adaptive evolution of prey could sustain predator diversity. Higher intraspecific diversity in a prey could promote the coexistence of predator species. In addition, predators' stable coexistence is probable when they exhibit differences in their preferences for the different prey genotypes or one prey genotype has a higher capacity to defend itself against different predators. More specifically, the different rates of predation in prey genotypes allow a limited cycle of fluctuating coexistence in each species. In addition, the effects of additional differences in parameters on the growth of prey, inter-genotypic competition, and predator survival facilitate stable coexistence. In addition, mutation allows unstable equilibrium to be stable. Furthermore, prey evolution allows more than two multiple predators to coexist. Intraspecific diversity in prey, via evolution, may be a key factor sustaining predator diversity.

It is not surprising that intraspecific variation in a single prey promotes the coexistence of the multiple predators. If prey genotypes are regarded as diverse resources, the present theory is essentially consistent with classical coexistence theory, which predicts that different species are limited by different resources \[[@pone.0227111.ref044]\]. However, a key point suggested by the results of present study is that natural ecosystems may have more abundant resources than previously thought and the coexistence of competing species is easier than expected. Classical models omitting intraspecific diversity may overestimate the difficulty in maintaining interspecific diversity. Overall, the results of the present study demonstrate that intraspecific diversity in prey could play a key role in sustaining predator diversity through adaptive evolution.

Recent theoretical studies support the present finding. Another standard model on evolutionary dynamics is quantitative genetics, which tracks the temporal changes in mean trait values of a population. Previous studies have shown that trait adaptive evolution based on quantitative genetics can promote supersaturated coexistence \[[@pone.0227111.ref040],[@pone.0227111.ref041],[@pone.0227111.ref045]\], i.e., where the number of consumers exceeds the number of potential resources. For example, a recent study showed that three predators are able to coexist on a single prey when the prey species is able to adapt its trait distribution, i.e., the mean and variance of the trait distribution, in response to altered selection pressure \[[@pone.0227111.ref041]\]. Hence, the present coexistence mechanism via intraspecific variation can be general without depending on modeling ways of evolution.

Genetic factors and mechanisms not considered in the present model could also contribute to the generation of intraspecific variations in traits. In the present model, replicator equation, one of the most simple models used to explain evolutionary dynamics of phenotypes or genotypes in a population without a detailed analysis of genetic effect \[[@pone.0227111.ref042],[@pone.0227111.ref043]\], was used. Genetic architectures can prevent the loss of genotypes by natural selection \[[@pone.0227111.ref046],[@pone.0227111.ref047]\], in turn, playing a role in the maintenance of variation. For example, a recent study \[[@pone.0227111.ref021]\] using a similar exploitative competition model in which a single locus with two alleles determines prey traits, prey nutritional quality, and predation rates, revealed that diploid prey could have stabilizing effect on community dynamics through a genetic storage effect contrary to haploid prey. More specifically, when heterozygotes are defended in a better manner against predators compared to homozygotes, fitness disadvantage in rare alleles could be mitigated by aiding the maintenance of the alleles, resulting in the stabilization of the system and maintenance of genetic polymorphism \[[@pone.0227111.ref021]\]. This study suggests that a genetic detail does not destroy the present coexistence mechanism. Conversely, because other enormous genetic details will be conceivable depending on the types of evolving traits, further studies will be necessary to show the robustness of the coexistence mechanism. Although in the present model the number of prey genotypes tended to converge with the number of predators to create an equilibrium \[[@pone.0227111.ref031]\], genetic architecture would maintain prey genotypes more than predicted even without mutation. Since individual phenotypes are created by various qualitative and quantitative traits and their combinations, real populations should exhibit much greater intraspecific variation, suggesting that the present coexistence mechanism is likely to apply in nature.

The present study has important implications for biodiversity conservation. Loss of intraspecific diversity would be considered as loss of genetic diversity, which would reduce the capacity of a species to evolve in response to environmental changes and cause inbreeding depression \[[@pone.0227111.ref048]\]. The loss of intraspecific diversity could also have implications beyond the reduction of survival ability in a focal species. Since such reductions in intraspecific diversity could lead to a reduction in resource niches supporting predators, which, in turn, could result in the loss of species diversity.
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###### The relationship between the consumption rates and local stability of the equilibrium in a two predator--one prey with two genotypes system: In orange regions, the non-trivial equilibrium is locally unstable and cycles occur.

In white regions, coexistence does not occur (*Y*~1~ or *Y*~2~ is feasible). In black regions, predators do not persist. Parameter values are *r*~*i*~ *=* 1.0, *K =* 1.0, *g*~*i*~ *=* 0.5, and *d*~*i*~ = 0.1.

(TIF)

###### 

Click here for additional data file.

###### 

Examples of eco-evolutionary dynamics toward stable equilibrium: (a) Two predator--one prey with two genotypes system: (b) Three predator--one prey with six genotypes. Note that the three genotypes survived in (b). Prey population size are represented by blue (other colors are predators). In (a), *K =* 1.0, *r*~1~ *=* 0.3, *r*~2~ *=* 1.0, *g*~*i*~ = 0.5, *a*~11~ = 0.1, *a*~12~ = 1.0, *a*~21~ = 1.0, *a*~22~ = 0.1, *d*~1~ = 0.1, and *d*~2~ = 0.05. In (b), *K =* 1.0, *r*~1~ *=* 1.36554, *r*~2~ *=* 0.717423, *r*~3~ *=* 1.94401, *r*~4~ *=* 1.58014, *r*~5~ *=* 0.880044, *r*~6~ *=* 1.63521, *g*~*i*~ = 0.5, *d*~1~ = 0.0945787, *d*~2~ = 0.0950382, and *d*~3~ = 0.151273 (see [S1 Text](#pone.0227111.s001){ref-type="supplementary-material"} for values of *a*~*ij*~).

(TIF)

###### 

Click here for additional data file.

###### Effects of genotype number to community persistence in multiple predator cases: In each different line, the systems have different number of predators.

Parameters are same as those used in [Fig 1A](#pone.0227111.g001){ref-type="fig"}.

(TIF)

###### 

Click here for additional data file.

###### 

Population dynamics result in relation to the value of the mutation rate *m*: (a) *a*~11~ = 0.9, *a*~12~ = 1.0, *a*~21~ = 1.0, and *a*~22~ = 0.1 (other parameters are same as [Fig 2E](#pone.0227111.g002){ref-type="fig"}). (b) *a*~11~ = 1.2, *a*~12~ = 1.0, *a*~21~ = 1.0, and *a*~22~ = 0.1 (other parameters are same as [Fig 2I](#pone.0227111.g002){ref-type="fig"}). Other information is same as [Fig 4](#pone.0227111.g004){ref-type="fig"}.

(TIF)

###### 

Click here for additional data file.

###### Effects of mutation rate to population oscillation in relation to *K*: I assumed a11 = 0.9, *a*~12~ = 1.0, *a*~21~ = 1.0, and *a*~22~ = 0.8.

Other parameters are same as [Fig 2E](#pone.0227111.g002){ref-type="fig"}.

(TIF)

###### 

Click here for additional data file.

###### A typical dynamics of two predator--one prey with two genotypes system in the limit without self-regulation (no carrying capacity): Parameter values are: *r~i~* = 1.0, *g~i~* = 0.5, *d~i~* = 0.1, *a*~11~ = 0.5, *a*~12~ = 1.2, *a*~21~ = 1.0, and *a*~22~ = 0.3.

(TIF)

###### 

Click here for additional data file.
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